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The spike (S) protein of the severe acute respiratory syndrome coronavirus (SARS-CoV) can be proteolyti- 
cally activated by cathepsins B and L upon viral uptake into target cell endosomes. In contrast, it is largely 
unknown whether host cell proteases located in the secretory pathway of infected cells and/or on the surface 
of target cells can cleave SARS S. We along with others could previously show that the type II transmembrane 
protease TMPRSS2 activates the influenza virus hemagglutinin and the human metapneumovirus F protein by 
cleavage. Here, we assessed whether SARS S is proteolytically processed by TMPRSS2. Western blot analysis 
revealed that SARS S was cleaved into several fragments upon coexpression of TMPRSS2 (cis-cleavage) and 
upon contact between SARS S-expressing cells and TMPRSS2-positive cells (trans-cleavage). cis-cleavage 
resulted in release of SARS S fragments into the cellular supernatant and in inhibition of antibody-mediated 
neutralization, most likely because SARS S fragments function as antibody decoys. trans-cleavage activated 
SARS S on effector cells for fusion with target cells and allowed efficient SARS S-driven viral entry into targets 
treated with a lysosomotropic agent or a cathepsin inhibitor. Finally, ACE2, the cellular receptor for SARS- 
CoV, and TMPRSS2 were found to be coexpressed by type II pneumocytes, which represent important viral 
target cells, suggesting that SARS S is cleaved by TMPRSS2 in the lung of SARS-CoV-infected individuals. In 
summary, we show that TMPRSS2 might promote viral spread and pathogenesis by diminishing viral recog- 


nition by neutralizing antibodies and by activating SARS S for cell-cell and virus-cell fusion. 


The severe acute respiratory syndrome coronavirus (SARS- 
CoV) is the causative agent of the lung disease SARS, which 
claimed ~800 lives in 2002 to 2003 (49). SARS-CoV-related 
viruses were identified in bats and palm civets (19, 33, 37), and 
it is believed that human contact with the latter animals, pos- 
sibly within animal markets in southern China, was responsible 
for the introduction of SARS-CoV into the human population. 
The viral spike (S) protein mediates infectious entry into target 
cells by engaging the carboxypeptidase angiotensin-converting 
enzyme 2 (ACE2) (36, 60), and several changes in the spike 
sequence of SARS-CoV from humans relative to SARS-CoV 
from palm civets reflect the adaptation to efficient usage of the 
human receptor (35, 38, 39), most likely a prerequisite for high 
viral pathogenicity. Thus, the SARS S protein is an important 
determinant of viral cell and species tropism (27), and explo- 
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ration of its functions is essential to devise effective strategies 
for prevention and therapy. 

The SARS S protein comprises 1,255 amino acids and har- 
bors 23 consensus sequences for N-linked glycosylation. The S 
protein is synthesized in the secretory pathway of infected cells, 
and S protein trimers are incorporated into the viral envelope 
(derived from the endoplasmic reticulum Golgi intermediate 
compartment [ERGIC]) and the plasma membrane of the host 
cell (34). The S protein exhibits the domain organization of 
class I fusion proteins; it contains an N-terminal surface unit 
(S1), which engages the receptor, and a C-terminal transmem- 
brane unit (S2), which contains the membrane fusion machin- 
ery (27). A prominent feature of many class I fusion proteins is 
the requirement for proteolytic activation by host cell enzymes 
(14). A seminal study by Simmons and colleagues showed that 
proteolytic activation of SARS S is mediated by cathepsins in 
target cells, most importantly by cathepsin L (53). In contrast, 
the efficiency and biological relevance of SARS S processing by 
proteases in infected cells is at present incompletely under- 
stood. 

The type II transmembrane serine protease TMPRSS2 has 
recently been shown to proteolytically activate the fusion pro- 
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teins of human influenza viruses (6, 8), and TMPRSS2 was 
found to activate human metapneumovirus (51). In addition, 
the related protein TMPRSS11la has been demonstrated to 
cleave SARS S and to moderately increase viral infectivity (30). 
Here, we investigated whether SARS S is a substrate of 
TMPRSS2 and if cleavage modulates biological properties of 
SARS S-bearing viruses. We show that SARS S is proteolyti- 
cally processed by TMPRSS2. Cleavage resulted in shedding of 
SARS S fragments and interference with antibody-mediated 
neutralization or in activation of SARS S for cell-cell and 
virus-cell fusion, depending on the presence of TMPRSS2 on 
SARS S-expressing cells or on adjacent susceptible cells. These 
observations, in conjunction with our finding that ACE2 and 
TMPRSS2 are coexpressed in type II pneumocytes, important 
viral target cells, suggest that TMPRSS2 might impact SARS- 
CoV spread by at least two independent mechanisms. 


MATERIALS AND METHODS 


Plasmid construction and in vitro mutagenesis. Expression plasmids 
pCAGGS-SARS:-S, encoding the spike protein of SARS-CoV strain Frankfurt, 
and pcDNA3-hACE2, encoding human ACE2 (hACE2), have been described 
previously (25, 26). The plasmids encoding human TMPRSS2 and TMPRSS4 
and mouse matriptase-3 have also been described previously (29, 51, 57). 

Cell culture. Vero E6 and 293T cells were propagated in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 
penicillin, and streptomycin and were grown in a humidified atmosphere con- 
taining 5% CO». 293T cells stably expressing ACE2 (293T-hACE2) (18) were 
generated by transfection of plasmid pecDNA3.1zeo-hACE2 (25) into 293T cells, 
followed by selection of resistant cells with zeocin (Invitrogen) at 50 pg/ml. 
Homogenous surface expression of ACE2 on stably transfected cells was con- 
firmed by fluorescence-activated cell sorting (FACS) analysis. 

Production of lentiviral pseudotypes and infection experiments. For genera- 
tion of lentiviral pseudotypes, calcium phosphate transfections were performed 
as described previously (26, 54). In brief, 293T cells were transiently cotrans- 
fected with pNL4-3 E-R- Luc (11), and expression plasmids for SARS S or the 
G protein of vesicular stomatitis virus (VSV-G). For some experiments, human 
TMPRSS2 or TMPRSS4 or mouse matriptase-3 was coexpressed during produc- 
tion of pseudotypes. The culture medium was replaced at 16 h and harvested at 
48 h posttransfection. The supernatants were passed through 0.45-m-pore-size 
filters, aliquoted, and stored at —80°C. For normalization of different virus 
stocks, capsid protein (p24) contents were determined using a commercially 
available kit (Murex, Wiesbaden, Germany). Alternatively, virus stocks were 
normalized for infectivity, which was assessed by infecting 293T-hACE2 cells 
with different dilutions of pseudotypes, followed by determination of luciferase 
activities in cell lysates by employing a commercially available kit (Promega, 
Madison, WI). For infection experiments, 293T-hACE2 cells were incubated 
with equal volumes of p24- or infectivity-normalized pseudotypes for 16 h. 
Thereafter, medium was changed, and luciferase activities in cell lysates were 
determined at 72 h postinfection. For inhibition experiments, cells were prein- 
cubated with the cathepsin inhibitor MDL 28170 (Calbiochem, Nottingham, 
United Kingdom) for 30 min, or viruses were preincubated with antiserum 
(obtained by immunization of mice with an S1 protein fragment comprising 
amino acids 12 to 327) (62) for 60 min before the addition to target cells. Culture 
supernatants were removed at 16 h postinfection and replaced by fresh medium 
without inhibitor. For some inhibition studies, the pseudotypes were first pelleted 
through a sucrose cushion by ultracentrifugation for 2 h at 25,000 rpm and 4°C 
to separate particles from SARS S fragments not associated with virions and then 
incubated with antiserum in the presence and absence of shed SARS S protein. 

Production of VLPs. For production of virus-like particles (VLPs), 293T cells 
were cotransfected with the HIV-1 Gag (p55)-encoding plasmid p96ZM651gag- 
opt (16), SARS S expression plasmid, and expression plasmids for proteases or 
empty vector. The supernatants containing the VLPs were collected at 48 h 
posttransfection and concentrated by ultrafiltration using VivaSpin centrifugal 
concentrators (Sartorius, Aubagne Cedex, France). Alternatively or additionally, 
the VLPs were concentrated by ultracentrifugation through a 20% sucrose cush- 
ion for 2 h at 25,000 rpm and 4°C. Subsequently, the concentrated supernatants 
were treated with phosphate-buffered saline (PBS) or trypsin, followed by addi- 
tion of soybean trypsin inhibitor (Sigma, Deisenhofen, Germany). 
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Production of shed SARS S protein. For production of shed SARS S protein, 
293T cells were cotransfected with plasmids encoding SARS S and TMPRSS2 or 
empty vector. At 48 h posttransfection the supernatants were harvested and 
concentrated using VivaSpin columns (Sartorius, Aubagne Cedex, France), fol- 
lowed by ultracentrifugation through a 20% sucrose cushion for 2 h at 25,000 
rpm and 4°C to remove vesicles harboring SARS S protein. The SARS S protein 
remaining in the supernatants of ultracentrifuged material was then analyzed by 
immunoblotting to confirm size and purity. 

Detection of SARS S by immunoblotting. For Western blot analysis, lysed VLP 
preparations were separated by SDS-PAGE and transferred onto nitrocellulose 
membranes. SARS S protein was detected by staining with rabbit serum specific 
for the S1 subunit (generated by immunization with a peptide comprising SARS 
S amino acids 19 to 48) (24) or the S2 subunit (Imgenex, San Diego, CA). For a 
loading control, the stripped membranes were incubated with an anti-HIV p24 
antibody. 

PNGase F digest of SARS S. For the analysis of SARS S glycosylation, VLPs 
were concentrated via VivaSpin columns (samples taken for immunoblotting) 
and additionally ultracentrifuged through a 20% sucrose cushion at 25,000 rpm 
for 2 h at 4°C. The resulting pellets were harvested with TNE (Tris-HCl, 0.15 M 
NaCl, and 10 mM EDTA) buffer and digested by peptide N-glycosidase F 
(PNGase F; New England BioLabs, Frankfurt, Germany). The digested samples 
were then analyzed by immunoblotting as described above. 

Immunohistochemistry. Tissue samples, obtained with full ethical approval 
from the National Research and Ethics Service (Oxfordshire Research and 
Ethics Committee A, reference 04/Q1604/21), were stained with hematoxylin and 
eosin using standard techniques and were immunostained for ACE2 (affinity 
purified goat polyclonal serum; R&D Systems, Abingdon, United Kingdom), 
detected with biotinylated secondary donkey anti-goat polyclonal antiserum 
(Abcam, Cambridge, United Kingdom) and the Bond Intense R kit (Leica 
Microsystems Newcastle Ltd., Newcastle, United Kingdom), or for TMPRSS2 
(mouse monoclonal antibody P5H9) (41) using the manufacturer’s standard 
protocols and reagents for mouse primary antibodies. Immunostaining was per- 
formed using a Bond Max immunostaining machine (Leica Microsystems New- 
castle Ltd., Newcastle, United Kingdom). As a negative control for ACE2 im- 
munostaining, normal goat polyclonal serum was substituted for the primary 
antibody. As a negative control for TMPRSS2 immunostaining, an irrelevant 
mouse monoclonal antibody (anti-melan A antibody, clone A103; Leica Micro- 
systems Newcastle Ltd., Newcastle, United Kingdom) was substituted for the 
primary antibody. Stained sections were photographed with a Nikon DS-FI1 
camera with a Nikon DS-L2 control unit (Nikon United Kingdom Limited, 
Kingston-upon-Thames, United Kingdom) and an Olympus BX40 microscope 
(Olympus UK Limited, Watford, United Kingdom). 

Quantitative reverse transcription-PCR (RT-PCR) analysis of TMPRSS2 
mRNA expression. For detection of Tmprss2 transcripts by real-time PCR, an 
ABI 7500 FAST real-time PCR system (Applied Biosystems, Carlsbad) was used. 
The PCR mixtures contained 0.5 yl of CDNA (Clontech, Saint-Germain-en- 
Laye, France) in a total volume of 10 wl. Specific amplification was ensured with 
TaqMan gene expression assays (catalog number 4331182; Applied Biosystems), 
which were used according to the manufacturer’s recommendations. The follow- 
ing specific assays were used: Hs00237175_m1 (TMPRSS2) and Hs99999908_m1 
(B-glucuronidase [GUSB]). The average cycle threshold value (C;) for each 
individual assay was calculated from triplicate measurements by means of the 
instrument’s software in the auto C7 mode (7500 FAST System Software, version 
1.3.0). Average C; values calculated for TMPRSS2 were normalized by subtrac- 
tion from the C7; values obtained for GUSB (housekeeping reference). Tem- 
plate-free cDNA reactions were analyzed in parallel using both TaqMan assays; 
no specific signal was detected in any of these experiments. 

trans-cleavage of SARS S by TMPRSS2. In order to determine if SARS S on 
the cell surface can be cleaved by TMPRSS2 on neighboring cells (trans-cleav- 
age), 293T cells were transfected with plasmids encoding SARS S, TMPRSS2 or 
TMPRSS4, or empty vector. At 24 h posttransfection the cells were resuspended 
in fresh FCS-free DMEM, and cells expressing SARS S were mixed with cells 
expressing empty vector or protease at a ratio of 1:1.7. The mixed cells were 
seeded again in new cell culture flasks for further incubation for 30 h at 37°C. 
Subsequently, the supernatants were harvested, centrifuged for 5 min at 4,000 
rpm, passed through a 0.45-m-pore-size filter, and concentrated by ultrafiltra- 
tion using VivaSpin centrifugal concentrators (Sartorius, Aubagne Cedex, 
France). Additionally, the concentrated supernatants were loaded on a 20% 
sucrose cushion and ultracentrifuged for 2 h at 25,000 rpm and 4°C. After 
ultracentrifugation, the supernatants were harvested, and the pellet was resus- 
pended in TNE buffer. To analyze SARS S cleavage, lysates of transfected cells 
and samples of supernatants taken during the different processing steps were 
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analyzed for the presence of SARS S by Western blotting, employing sera specific 
for the S1 and S2 subunits of SARS S. 

SARS S-driven cell-cell fusion. For analysis of SARS S-driven cell-cell fusion, 
293T effector cells seeded in six-well plates at 1.2 x 10° cells/vell were CaPO, 
transfected with either an empty pCAGGS plasmid or pCAGGS encoding SARS 
S in combination with plasmid pGAL4-VP16, which encodes the herpes simplex 
virus VP16 transactivator fused to the DNA binding domain of the Saccharomy- 
ces cerevisiae transcription factor GAL4. In parallel, 293T target cells were 
seeded in 48-well plates at 0.8 < 10° cells/well and transfected with peDNA3 or 
the hACE2 expression vector or with a protease-expressing vector together with 
plasmid pGal5-luc, which encodes the luciferase reporter gene under the control 
of a promoter containing five GAL4 binding sites. The day after transfection, 
effector cells were diluted in fresh medium and added to the target cells. For 
trypsin treatment, medium from target cells was completely removed, and effec- 
tor cells in medium supplemented with 100 ng/ml trypsin (Sigma, Deisenhofen, 
Germany) or PBS were added. After a 6-h incubation, fresh medium was added 
to the trypsin- and PBS-treated samples. Cell-cell fusion was quantified by de- 
termination of luciferase activities in cell lysates 48 h after cocultivation using a 
commercially available kit (Promega, Madison, WI). 

TMPRSS2-dependent syncytium formation. Vero E6 cells (seeded in a six-well 
plate at 6 X 10° cellsjwell) were Lipofectamine transfected with TMPRSS2 or 
TMPRSS4 expression plasmid or control transfected with empty vector. After 
24 h cells were infected with SARS-CoV (strain Frankfurt 1) at a multiplicity of 
infection (MOI) of 0.1 for 1 h at 37°C. Subsequently, the cells were washed, and 
fresh culture medium was added. At 29 h postinfection, the cells were fixed with 
paraformaldehyde (8%) and analyzed by microscopy. Pictures were taken with a 
Zeiss phase-contrast inverted microscope (Televal 31) at a 200-fold magnifica- 
tion. 

TMPRSS2-dependent, cathepsin-independent cellular entry of SARS-CoV. 
293T-hACE2 cells (seeded in a six-well plate at 6 X 10° cells/well) were trans- 
fected in triplicates with expression plasmids encoding TMPRSS2 or TMPRSS4 
or control transfected with empty vector. After 24 h transfected cells were 
incubated with either DMEM containing the cathepsin inhibitor MDL 28170 
(stock solution prepared in dimethyl sulfoxide [DMSO]) at a final concentration 
of 9 ~M or DMEM containing the same volume of DMSO (as negative control) 
for 60 min at 37°C. Subsequently, the cells were infected with SARS-CoV 
(Frankfurt strain 1) at an MOI of 0.1 for 30 min at 4°C, washed twice with PBS, 
and incubated with fresh DMEM. At 5 h postinfection the cells were washed with 
PBS and lysed, and total RNA was extracted by an RNeasy Protect Mini kit 
(Qiagen, Hilden, Germany). SARS-CoV entry was determined by quantitative 
RT-PCR specific for the subgenomic mRNA (sgmRNA) of the N transcript. For 
this, the oligonucleotides SsgN-F (AACCTCGATCTCTTGTAGATCTGT), 
SsgN-R (TGAATCTGTGGGTCCACCAA), and SsgN-P (FAM-CTCTAAACG 
AACAAATTAAAATGTCTGATAATGG-BHO1, where FAM is 6-carboxy- 
fluorescein and BHQ1 is Black Hole quencher 1) were used with a SuperScript 
III One-Step RT-PCR kit (Invitrogen). The total reaction mixture volume was 
12.5 wl (quarter reaction), and the mixture contained 30 nmol of MgSO, 5 pmol 
of each oligonucleotide, and 2.5 pmol of the probe. The C; values, measured in 
single experiments performed in triplicates, were normalized by subtracting the 
respective C7 value for the TATA-box binding protein (housekeeping reference 
gene) (50). For clarity, values were subtracted by a fixed number (20). A Cr 
difference of 3 correlated approximately with a 10-fold increase as determined by 
a dilution series of both targets. 


RESULTS 


The pulmonary protease TMPRSS2 cleaves SARS S at mul- 
tiple sites. Recent studies showed that TMPRSS2, TMPRSS4, 
and other type II transmembrane serine proteases (TTSPs) can 
activate human influenza viruses (6, 8, 10). Since the lung is 
also the major target organ of SARS-CoV, we asked whether 
TMPRSS2 and TMPRSS4 can cleave the SARS S protein. We 
included murine matriptase-3 in these experiments since we 
previously found that this protease was unable to process in- 
fluenza virus hemagglutinin (HA) and would thus serve as a 
negative control (8). Employing an S2-specific antibody, West- 
ern blot analysis of virus-like particles (VLPs) released from 
transiently transfected cells revealed a prominent 160- to 170- 
kDa band representing full-length SARS S, and, upon trypsin 
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FIG. 1. Proteolytic processing of SARS S by TMPRSS2. (Top) 
VLPs were produced by coexpression of HIV p55 Gag and SARS S 
in the absence and presence of coexpressed human TMPRSS2, 
TMPRSS4, or murine matriptase-3, treated with trypsin or PBS, 
and analyzed for S protein and HIV p55 Gag content as indicated, 
using a serum specific for the S2 subunit of SARS S. (B) The 
experiment was carried out as described for panel A. However, an 
S1-specific antiserum was used for SARS S protein detection. 


treatment, a 90-kDa band representing S2 (Fig. 1, top panel), 
in agreement with published data (3, 67). When TMPRSS2 and 
S protein were coexpressed, the largest band observed was 
approximately 150 kDa (instead of the 160 kDa expected for 
full-length SARS S), with additional bands of 45, 55, and 85 
kDa (Fig. 1, top panel). In contrast, coexpression of TMPRSS4 
or matriptase-3 did not facilitate SARS S cleavage. 

Efficient proteolytic processing of SARS S by TMPRSS2 was 
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FIG. 2. Impact of SARS S processing by TMPRSS2 on cathepsin dependence and neutralization sensitivity. (A) 293T cells engineered to 
express large amounts of ACE2 were incubated with the indicated concentrations of the cathepsin B/L inhibitor MDL 28170 and inoculated with 
pseudotypes in triplicate, and luciferase activities were determined at 72 h postinfection. Activities measured in the absence of inhibitor were set 
as 100%. A representative experiment out of three is shown; error bars indicate standard deviations. In the absence of inhibitor, the following 
luciferase counts were measured: VSV-G, 55,642 + 4877 cps; SARS S plus pcDNA3, 64,751 + 11,505 cps; SARS S plus TMPRSS2, 59,071 + 5,087 
cps; SARS plus TMPRSS4, 94,684 + 4,576 cps. (B) Equal volumes of pseudotypes bearing SARS S wt were incubated for 60 min with the indicated 
dilutions of the sera R1 and R1LI1 in triplicate and then added to ACE2-expressing 293T cells. Luciferase activities in cell lysates were determined 
after 72 h, and activities measured in the absence of serum were set as 100%. The results + standard deviations of a representative experiment 
are shown. Similar results were obtained in two independent experiments. In the absence of serum, the following luciferase counts were measured: 
VSV-G, 9,037,372 + 33,0551 cps; SARS-S plus pcDNA3, 5,411,448 + 304,990 cps; SARS-S plus TMPRSS2, 444,923 + 27,314 cps. 


confirmed when an S1-specific serum was used for S protein 
detection (Fig. 1, bottom panel). Thus, SARS S fragments of 
100 and 150 kDa were observed upon coexpression of SARS S 
with TMPRSS2 while only a single, 160-kDa band was detected 
when SARS S was produced in cells cotransfected with empty 
vector instead of the TMPRSS2 expression plasmid (Fig. 1, 
bottom panel). Cumulatively, TMPRSS2 cleaves SARS S at 
multiple sites, generating fragments of 150, 110, 85 (weak sig- 
nal), 55, and 45 kDa. 

SARS S cleavage by TMPRSS2 decreases viral sensitivity 
to inhibition by neutralizing antibodies. Considering that 
TMPRSS2 cleaves SARS S at multiple sites, we first asked if 
processed S protein was still active. For this, we employed 
lentiviral pseudotypes bearing SARS S, which faithfully model 
host cell entry of SARS-CoV (26, 55, 65). Analysis of infectivity 
of viruses produced in control- and TMPRSS2-transfected 
cells and normalized for equal content of p24 capsid antigen 
did not reveal major differences (data not shown), suggesting 
that cleavage of SARS S by TMPRSS2 was compatible with 
viral infectivity. We next investigated whether processing of 
SARS S by TMPRSS2 alleviated the requirement for cathepsin 
activity during infectious SARS S-dependent cell entry. Prein- 
cubation of 293T-hACE2 cells with a cathepsin L and B inhib- 


itor, MDL 28170 (40, 53), had no effect on infectious entry of 
VSV-G-bearing pseudotypes but efficiently reduced infection 
by SARS S pseudotypes (Fig. 2A and raw data in the legend), 
in agreement with published results (28, 53). The pronounced 
reduction of infectivity of SARS S pseudotypes by MDL 28170 
was not rescued by SARS S processing by TMPRSS2 (Fig. 2A), 
indicating that proteolysis of SARS S by TMPRSS2 does not 
abrogate the requirement for cleavage by cathepsin L and/or B. 

The humoral immune response critically contributes to vac- 
cine-mediated protection against SARS-CoV infection in mice 
(66), and recovery from SARS is accompanied by the devel- 
opment of a neutralizing antibody response in human patients 
(9, 26, 47). To analyze the impact of SARS S cleavage by 
TMPRSS2 on antibody-mediated neutralization, we employed 
sera from mice immunized with soluble S protein. Preincuba- 
tion of SARS S wild-type (wt) pseudotypes with serum R1LI, 
which was generated by immunization of mice with a baculo- 
virus-expressed S protein (21), caused a profound and dose- 
dependent reduction in viral infectivity (Fig. 2B and raw data 
in the legend). Strikingly, the reduction was much less pro- 
nounced for pseudotypes generated in TMPRSS2-expressing 
cells, and similar results were obtained with serum R1 (21) 
although the overall neutralizing activity of this serum was 
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FIG. 3. Cleavage by TMPRSS2 induces SARS S shedding. (A) VLPs were produced in 293T cells in the absence and presence of TMPRSS2, 
concentrated by ultrafiltration, treated with PNGase F to remove N-linked glycans, and analyzed for SARS S and Gag protein content by Western 
blotting. Results of a single gel are shown, from which irrelevant lanes were removed. (B) The experiment was carried out as in panel A, but VLPs 
were additionally concentrated by ultracentrifugation through a 20% sucrose cushion. (C) VLPs were produced as described in panel A and then 
subjected to ultrafiltration followed by ultracentrifugation. Western blot analysis was employed to determine the effect of these procedures on the 
concentrations of SARS S and Gag protein in the VLP preparations. Ultrafiltration, VLP preparation subjected to ultrafiltration; UC pellet, VLP 
preparation subjected to ultrafiltration followed by ultracentrifugation and Western blot analysis of the pellets; UC supernatant, VLP preparation 
subjected to ultrafiltration followed by ultracentrifugation and Western blot analysis of the supernatants of ultracentrifuge reactions. 


lower (Fig. 2B). These results, which were confirmed with two 
independently generated virus stocks (data not shown), indi- 
cate that cleavage by TMPRSS2 reduces SARS S susceptibility 
to inhibition by neutralizing antibodies. 

TMPRSS2 induces SARS S shedding. In order to under- 
stand how cleavage of SARS S by TMPRSS2 reduces neutral- 
ization sensitivity, we characterized the nature of the cleavage 
fragments. We first asked if the decreased molecular mass of 
the 150-kDa cleavage product relative to uncleaved SARS S 
was indeed due to removal of amino acids or was the result of 
altered S protein glycosylation. The latter scenario required 
consideration since coexpression of TMPRSS2 and influenza 
virus hemagglutinin (HA) not only facilitated HA cleavage but 
also altered HA glycosylation (4). However, the size difference 
between uncleaved SARS S and the largest S protein fragment 
obtained upon TMPRSS2 cleavage remained constant after 
PNGase F digest (Fig. 3A), which removes all N-linked carbo- 
hydrates, indicating that changes in glycan composition did not 
account for the differential gel mobility of these proteins. 

For characterization of S-protein-bearing VLPs, we had so 
far used VLP preparations concentrated by ultrafiltration, 
which selectively enriched material in cell culture medium with 
a molecular mass greater than 50 kDa. We next asked if similar 
results would be obtained with material concentrated by ultra- 
centrifugation through a 20% sucrose cushion. Under these 
conditions, mainly particle-associated material is pelleted. No- 
tably, when ultracentrifuge-concentrated VLPs were exam- 


ined, SARS S produced in TMPRSS2- and control-transfected 
cells showed identical gel mobilities, independently of PNGase 
F digest (Fig. 3B). In addition, a marked decrease in signal 
intensity for SARS S from TMPRSS2-expressing cells com- 
pared to SARS S from control cells was observed under these 
conditions (Fig. 3B). 

The results described above were most compatible with the 
interpretation that at least the largest S protein fragment gen- 
erated by TMPRSS2 is not virion associated but is shed into 
the culture supernatants. To further investigate this hypothesis, 
we concentrated VLP preparations by ultrafiltration and sub- 
sequently by ultracentrifugation and determined the effects of 
these procedures on the presence of uncleaved and cleaved 
SARS S. As observed before (Fig. 1), SARS S signals of similar 
intensities were observed upon concentration of VLPs pro- 
duced in TMPRSS2- and control-transfected cells, and the 
largest S protein fragment detected in VLPs from TMPRSS2- 
expressing cells migrated faster than uncleaved SARS S (Fig. 
3C, top panel). The differential gel migration remained when 
VLPs were further subjected to ultracentrifugation, and super- 
natants were analyzed by Western blotting (Fig. 3C, top panel). 
However, the signal measured for uncleaved SARS S was 
markedly reduced compared to that detected for cleaved 
SARS S (Fig. 3C, top panel), indicating that the former was 
selectively removed from the supernatants by ultracentrifuga- 
tion, as expected for virion-associated S protein. Indeed, anal- 
ysis of pellets revealed a massive concentration of uncleaved 
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SARS S (Fig. 3C, top panel). In contrast, only a faint signal was 
obtained for VLPs from TMPRSS2-expressing cells, and the 
respective S protein migrated identically to uncleaved SARS S 
(Fig. 3C, top panel). In some experiments incomplete cleavage 
of SARS S by TMPRSS2 was observed upon analysis of VLPs 
concentrated by ultrafiltration, with a band corresponding to 
full-length SARS S still being readily detectable (Fig. 3C, mid- 
dle panel). When these VLPs were subjected to ultracentrifu- 
gation, a prominent signal for uncleaved SARS S was detected 
in the pellets (Fig. 3C, middle panel), indicating that upon 
incomplete cleavage of SARS S by TMPRSS2, full-length S 
protein was incorporated into VLPs. Finally, analysis of the 
HIV Gag contents of VLP preparations confirmed that VLPs 
were efficiently pelleted upon ultracentrifugation (Fig. 3C, bot- 
tom panel). Collectively, these results suggest that cleavage of 
SARS S by TMPRSS2 induces SARS S shedding. However, 
cleavage is incomplete, and a fraction of SARS S produced in 
TMPRSS2-expressing cells remains uncleaved and is incorpo- 
rated into particles. 

TMPRSS2-dependent SARS S shedding confers resistance 
against antibody-mediated neutralization. Having demon- 
strated that TMPRSS2 induces SARS S shedding, we investi- 
gated the role of shed SARS S protein in susceptibility of 
SARS S pseudotypes to inhibition by neutralizing antibodies. 
For this, we first compared neutralization sensitivity of SARS 
S pseudotypes generated in TMPRSS2- and control-trans- 
fected cells after purification of virions by ultracentrifugation 
through a 20% sucrose cushion. Under these conditions, viri- 
ons produced in the presence and absence of TMPRSS2 ex- 
hibited comparable neutralization sensitivities (Fig. 4A), indi- 
cating that, indeed, a non-particle-associated factor present in 
virion preparations from TMPRSS2-transfected cells but not 
from control-transfected cells was responsible for the previ- 
ously observed neutralization resistance. Western blot analysis 
confirmed the absence of cleaved SARS S in (ultracentrifuge- 
concentrated) virions generated in TMPRSS2-expressing cells 
(Fig. 4B), indicating that the presence of shed SARS S predicts 
neutralization sensitivity. Finally, our Western blot analysis 
showed that virion incorporation of uncleaved SARS S was 
markedly reduced in TMPRSS2-transfected cells relative to 
control-transfected cells (Fig. 4B), confirming the hypothesis 
that a fraction of SARS S remains uncleaved and is incorpo- 
rated into virions in TMPRSS2-expressing cells. 

To directly demonstrate that shed SARS S confers neutral- 
ization resistance, we purified shed SARS S. For this, we tran- 
siently expressed SARS S in the presence and absence of 
TMPRSS2. Subsequently, the cellular supernatants were con- 
centrated by ultrafiltration and then subjected to ultracentrif- 
ugation through a 20% sucrose cushion to remove S protein 
potentially associated with vesicles released from S protein- 
transfected cells. The supernatants of the ultracentrifuged 
samples were collected and analyzed for the presence of S 
protein by Western blotting (Fig. 4C). As expected, the SARS 
S cleavage fragments previously observed upon coexpression 
of TMPRSS2 were concentrated under these conditions (Fig. 
4C), confirming that they were shed into the cellular superna- 
tants. In contrast, uncleaved SARS S was absent in samples 
from TMPRSS2-expressing cells and barely detectable in sam- 
ples from control-transfected cells (Fig. 4C), demonstrating 
that uncleaved SARS S is either virion or cell associated, as 
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expected. The material purified under these conditions was 
then added to SARS S pseudotypes purified by ultracentrifu- 
gation, and its effect on neutralization resistance was analyzed. 
Strikingly, the concentrated supernatants from TMPRSS2-ex- 
pressing cells (containing shed SARS S) conferred neutraliza- 
tion resistance to SARS S pseudotypes in a dose-dependent 
manner, while the supernatants from control-transfected cells 
did not (Fig. 4D), demonstrating that TMPRSS2-dependent 
shedding of SARS S induces neutralization resistance. 

TMPRSS2 cleaves and activates SARS S in trans. The re- 
sults obtained so far indicated that TMPRSS2 cleaves SARS S 
when both proteins are coexpressed in the same cell. We next 
examined if TMPRSS2 was also able to cleave SARS S when 
both proteins were expressed on different cells (trans-cleav- 
age), a scenario that mimics contact of infected cells with 
TMPRSS2-positive cells in the infected host. When cells ex- 
pressing SARS S were mixed with TMPRSS4-expressing cells 
or with control-transfected cells, SARS S remained uncleaved 
(Fig. 5A). In contrast, mixing SARS S- and TMPRSS2-express- 
ing cells resulted in SARS S cleavage, and S protein fragments 
of the previously observed sizes were detected in the culture 
supernatants (Fig. 5A). Thus, TMPRSS2 facilitates trans-cleav- 
age of SARS S. 

In order to investigate potential consequences of trans-cleav- 
age for SARS S activity, we asked if expression of TMPRSS2 
on target cells impacts the efficiency of SARS S-driven cell-to- 
cell fusion. For this, we measured fusion of 293T effector 
cells transfected to express SARS S with 293T target cells 
transfected to express ACE2 or TMPRSS2, employing a pre- 
viously described cell-cell fusion assay (28). In addition, target 
cells expressing the TMPRSS2-related proteases TMPRSS4, 
TMPRSS3, TMPRSS6, and hepsin were tested; none of the 
latter three was previously associated with activation of viral 
glycoproteins. Effector and target cells transfected with empty 
vector served as controls. SARS S-driven fusion with cells 
transfected with empty plasmid was inefficient (Fig. 5B), as 
expected, since 293T cells express only small amounts of en- 
dogenous ACE2, which are insufficient to support robust cell- 
cell fusion (36). Similarly, no appreciable membrane fusion 
activity was detected when effector cells were transfected with 
empty plasmid instead of plasmid encoding SARS S (Fig. 5B). 
In contrast, trypsin treatment of effector and target cell mix- 
tures or overexpression of ACE2 on target cells allowed effi- 
cient SARS S-driven cell-cell fusion (Fig. 5B), indicating that 
proteolytic activation of SARS S is required for SARS S-driven 
cell-cell fusion only when receptor expression is limiting. Ex- 
pression of TMPRSS2 on target cells also allowed efficient 
SARS S-dependent cell-cell fusion, while expression of 
TMPRSS3, TMPRSS6, and hepsin did not (Fig. 5B), indicating 
that trans-cleavage by TMPRSS2 can activate SARS S for 
cell-cell fusion. Unexpectedly, expression of TMPRSS4 on tar- 
get cells also activated SARS S for membrane fusion (Fig. 5B). 
TMPRSS4 failed to cleave SARS S (Fig. 1 and 5A), and the 
molecular mechanism underlying SARS S activation by 
TMPRSS4 is at present unclear. 

We then asked if the augmentation of SARS S-driven cell- 
cell fusion by TMPRSS2 (Fig. 5B) is reflected by increased 
syncytium formation in TMPRSS?2-positive cells infected with 
replication-competent SARS-CoV. To this end, we examined 
the impact of protease expression on syncytium formation in 
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FIG. 4. Shedding of SARS S by TMPRSS2 confers neutralization resistance. (A) The pseudoparticles indicated were produced in 293T cells 
in the presence or absence of TMPRSS2, concentrated by ultracentrifugation through a 20% sucrose cushion, preincubated with the indicated 
dilutions of the sera R1 and R1LM, and then used for triplicate infections of 293T-ACE2 cells. Luciferase activities in cell lysates were determined 
after 72 h, and activities measured in the absence of serum were set as 100%. The results of a representative experiment are shown; error bars 
indicate standard deviations. The results were confirmed in two independent experiments. In the absence of serum, the following luciferase counts 
were measured: VSV-G, 509,961 + 37,823 cps; SARS S plus pcDNA3, 497,873 + 52,794 cps; SARS S plus TMPRSS2, 608,600 + 97,835 cps. 
(B) The concentrated pseudotypes described in panel A were analyzed by Western blotting for the presence of SARS S (employing an S1-specific 
rabbit serum). (C) 293T cells were transiently cotransfected with expression plasmids for SARS S and TMPRSS2 or cotransfected with SARS S 
plasmid and empty vector (pcDNA3), and culture supernatants were harvested at 48 h after transfection. Subsequently, the supernatants were 
concentrated by ultrafiltration followed by ultracentrifugation through a 20% sucrose cushion. The presence of soluble SARS S protein in the 
supernatants of ultracentrifuged samples was analyzed by immunoblotting, as described in panel A. (D) Pseudoparticles bearing SARS S and 
purified by ultracentrifugation through a sucrose cushion were preincubated with the indicated dilutions of supernatants described in panel C and 
a 1:50 dilution of the sera R1 and R1LM for 60 min before addition to target cells (pcDNA3, supernatants from cells cotransfected with SARS-S 
and empty plasmid; TMPRSS2, supernatants from cells cotransfected with TMPRSS2 and SARS S expression plasmids). Luciferase activities in 
cell lysates were determined after 72 h. The results + standard deviations of a representative experiment carried out in triplicate are shown; 
activities measured in the absence of serum, 1,307,409 + 328118 cps, were set as 100%. The results were confirmed in two separate experiments. 


Vero E6 cells, which are commonly used to analyze SARS- 
CoV spread. Large syncytia were frequently detected in 
TMPRSS2-expressing Vero E6 cells infected with SARS-CoV 
(Frankfurt strain 1), while syncytia in TMPRSS4-expressing 
cells and in control-transfected cells were largely absent (Fig. 
5C). These results suggest that TMPRSS2 but not TMPRSS4 is 
able to activate SARS-S in the context of surrogate systems 
and in the context of authentic SARS-CoV. 


TMPRSS2 on target cells allows efficient SARS S-driven 
virus-cell fusion in the presence of a lysosomotropic agent and 
a cathepsin inhibitor. The SARS S-driven virus-cell fusion 
depends on endosomal low pH and the activity of the pH- 
dependent endosomal protease cathepsin L (53, 55). Conse- 
quently, infectious entry can be inhibited by lysosomotropic 
agents like ammonium chloride (NH,Cl), which elevates the 
endosomal pH, and by cathepsin L inhibitors like MDL 28170 


ysanB Aq Glog ‘Og yosey uO /Bio'wse'IAl//:d}}y Wood papeojumoqg 


VoL. 85, 2011 TMPRSS2 ACTIVATES SARS CORONAVIRUS SPIKE PROTEIN = 4129 


A) C) 


a wt a 3 a aQ wt 
2% .%43 2.23 .% 3 
< < < < 
ZERERZEEZE Ez E 
Cr ae 
Re & hm &e oe ee he 
kDa = 
170 bf =~ Se & 
130 ta 
_ orak 
9 4 ; 7 
_ anti S1 TMPRSS4 
72 o= 
55 
170 
130 
95 anti S2 
72 
55 
Cell Ultra- UC UC 
pellet filtration Pellet Supernatant 
10000000 


1000000 


& Control effector cells, PBS 
@ SARS-S effector cells, PBS 
OC SARS-S effector cells, Trypsin 


100000 


10000 


1000 


Luciferase-Activity (c.p.s.) 


100 


FIG. 5. TMPRSS2 cleaves SARS S in trans and activates SARS S for cell-cell fusion. (A) Effector cells were transfected with SARS S expression 
plasmid and mixed with target cells transfected with empty plasmid (pcDNA) or plasmids encoding TMPRSS2 or TMPRSS4. Lysates and 
supernatants of these cell mixtures were analyzed for SARS S cleavage by Western blotting, employing sera directed against the S1 and the $2 
portions of SARS S for detection. Before analysis by Western blotting, supernatants were concentrated by ultrafiltration and ultracentrifugation. 
Cell pellet, lysates of transfected cells analyzed by Western blotting; Ultrafiltration, culture supernatants subjected to ultrafiltration followed by 
Western blot analysis; UC pellet, culture supernatants subjected to ultrafiltration followed by ultracentrifugation and Western blot analysis of the 
pellets; UC supernatant, culture supernatants subjected to ultrafiltration followed by ultracentrifugation and Western blot analysis of the 
supernatants of ultracentrifuge reactions. (B) Effector cells cotransfected with pGAL4-VP16 expression plasmid and either empty plasmid or 
SARS S expression plasmid were mixed with target cells cotransfected with the indicated plasmids and a plasmid encoding luciferase under the 
control of a promoter with multiple GAL4 binding sites. The cell mixtures were then treated with either PBS or trypsin, and the luciferase activities 
in cell lysates were quantified at 48 h after cell mixing. The results of a representative experiment performed in triplicates are shown; error bars 
indicate standard deviations. Similar results were observed in two independent experiments. (C) Vero E6 cells transfected with TMPRSS2 or 
TMPRSS4 expression plasmid or empty vector (pcDNA) were infected with SARS-CoV (Frankfurt strain 1) at an MOI of 0.1. At 29 h postinfection 
the cells were fixed and analyzed by microscopy. Bar, 20 wm. Arrows indicate syncytia. Similar results were obtained in an independent experiment. 


(53, 55). In the light of the efficient cleavage and activation of TMPRSS2 on target cells markedly reduced inhibition of 
SARS S by TMPRSS2, we asked if activation of virion-associ- SARS S-driven entry by NH,Cl and MDL 28170 (Fig. 6A). 
ated SARS S by TMPRSS2 might allow SARS S-driven infec- Importantly, similar results were obtained when cellular en- 
tious entry into cells treated with NH,Cl or MDL 28170. In- try of authentic SARS-CoV was examined; expression of 
fectious entry of SARS S pseudotypes into control transfected TMPRSS2 did not modulate entry into mock-treated cells, as 
293T-hACE2 cells was efficiently inhibited by both NH,Cl and judged by the presence of N gene mRNA in cell lysates, but 
MDL 28170, and inhibition was unaffected by expression of allowed efficient viral entry into cells treated with MDL 28170 
TMPRSS4 on target cells (Fig. 6A). In contrast, expression of (Fig. 6B). In contrast, the expression of TMPRSS4 had no 
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FIG. 6. Expression of TMPRSS2 on target cells reduces the requirement for acidic pH and cathepsin activity for SARS S-driven infectious 
entry. (A) The indicated proteases were expressed in 293T-hACE2 cells, and the cells were pretreated with medium containing the indicated 
concentrations of NH,Cl and MDL 28170. Subsequently, the cells were infected with pseudotypes bearing SARS S in the presence of inhibitor. 
The infection medium was replaced by fresh medium without inhibitor at 16 h postinfection, and the luciferase activities in cell lysates were 
analyzed at 72 h postinfection. The results of representative experiments performed in triplicates are shown; error bars indicate standard 
deviations. Similar results were obtained in two independent experiments. (B) The indicated proteases were expressed in 293T-hACE2 cells, and 
the cells were treated with the cathepsin inhibitor MDL 28170 before infection with SARS-CoV (Frankfurt strain 1) at an MOI of 0.1. At 5 h 
postinfection the cells were washed with PBS and lysed, and total RNA was extracted. SARS-CoV entry was analyzed by real-time RT-PCR specific 
for the N gene mRNA. Average C; values of a single experiment performed in triplicates were normalized by subtracting the respective C values 
for TATA-box binding protein (reference gene). For clarity, values were subtracted by a fixed number (20). A C; difference of 3 correlated 
approximately with a 10-fold increase in transcripts as determined by a dilution series of both targets. Similar results were obtained in an 
independent experiment. 


effect (Fig. 6B). These results indicate that activation of virion- expression of TMPRSS2 protein, and we analyzed if the pro- 
associated SARS S by TMPRSS2 can render low pH and ca- tein expression patterns of TMPRSS2 and ACE2 were over- 
thepsin L activity dispensable for virus-cell fusion. lapping. For this, human lung epithelium was analyzed by 

TMPRSS2 and ACE2 are coexpressed by type II pneumo- immunohistochemistry, employing a monoclonal antibody 
cytes. In order to address whether SARS S could be cleaved by against TMPRSS2 (41) and a polyclonal serum directed 
TMPRSS2 in the lung of SARS-CoV-infected patients, we first against ACE2. Immunostaining for TMPRSS2 and ACE2 


determined expression of mRNA for TMPRSS2 in human demonstrated strong positive staining of type II pneumocytes 
tissues. mRNA was low or absent in brain and heart tissue but and alveolar macrophages, while type I pneumocytes were 
was readily detected in tissue samples obtained from pancreas, negative (Fig. 7B). Incubation of tissues with control antibod- 


kidney, and lung (Fig. 7A). We then determined if the pres- ies did not result in significant staining. Thus, TMPRSS2 and 
ence of TMPRSS2 mRNA in human lung was reflected by ACE2 are coexpressed by type II pneumocytes, which consti- 


ysanB Aq Glog ‘Og Yosey UO /Bso'wse'IAl//:d}}Yy Wood papeojumoqg 


VoL. 85, 2011 TMPRSS2 ACTIVATES SARS CORONAVIRUS SPIKE PROTEIN = 4131 


A) 
relative MRNA 
expression level 


14 t 6 


~ 64-fold difference 


-Avg ACt +/- std err 
(housekeeping reference: GUSB) 
a 


= 
~ 1000-fold difference 


lung 


brain 
heart 
pancreas 
~ 
~ 


kidney 


Vv P2 2 


FIG. 7. Coexpression of ACE2 and TMPRSS2 on type I pneumocytes. (A) The amount of Tmprss2 transcript in the indicated organs was 
quantified by PCR, employing GUSB as a housekeeping reference. The averages of three independent experiments are shown; error bars indicate 
standard deviations (std err). No specific signal was measured for brain in three out of three experiments. A specific signal was measured for heart 
in one out of three independent experiments. (B, i) Hematoxylin-and-eosin-stained section of normal lung showing several alveolar spaces, in which 
alveolar macrophages (M), type I pneumocytes (P1), and type II pneumocytes (P2) are labeled. Scale bar, 20 jm. (ii) Serial section of frame i 
immunostained for TMPRSS2 using the peroxidase technique (brown) shows strong positive staining in type II pneumocytes and alveolar 
macrophages. (iii) Serial section of frame ii immunostained for ACE-2 shows strong positive staining in type II pneumocytes and alveolar 
macrophages. (iv) Serial section of frame iii immunostained with an irrelevant mouse primary antibody (melan-A), as a negative control for frame 
ii, shows no immunostaining. Alveolar macrophages show a faint brown tint, due to the presence of carbon, but not the strong brown staining of 
macrophages seen in frame ii. (v) Serial section of frame iv immunostained using goat polyclonal serum as a primary antibody, as a negative control 
for frame iii. Alveolar macrophages show a faint brown tint, due to the presence of carbon, but not the strong brown staining of macrophages seen 


in frames ii and iii. 


tute major targets for SARS-CoV (20, 45, 58), indicating that 
SARS S could be processed by TMPRSS2 in the lung of in- 
fected humans. 


DISCUSSION 


Processing of viral glycoproteins by host cell proteases can 
have several consequences. Cleavage can increase or can be 
essential for viral infectivity (3, 10, 15, 17, 30). In addition, 
cleavage can result in glycoprotein shedding (12), and the shed 
proteins can act as antibody decoys (12) or can modulate 
cellular functions by binding to host cell receptors. We show 
that the SARS S protein is cleaved by TMPRSS2 and that 
cleavage has different consequences, depending on the loca- 
tion of TMPRSS2. If TMPRSS2 is coexpressed with SARS S in 
the same cell, cleavage results in SARS S shedding into the 
supernatants, where the S protein fragments function as anti- 
body decoys. If TMPRSS2 is expressed on viral target cells, it 
can activate SARS S for virus-cell and cell-cell fusion. Finally, 
TMPRSS2 was found to be coexpressed with the SARS-CoV 
receptor ACE2 on type II pneumocytes, which are major viral 
target cells (20, 45, 58), indicating that SARS S cleavage by 
TMPRSS2 could modulate viral spread in the infected host. 

Simmons and colleagues demonstrated that inhibition of 
cathepsin activity blocks infectious cellular entry of SARS- 
CoV (53), indicating that cathepsins proteolytically activate 


SARS S upon viral uptake into target cell endosomes. In con- 
trast, the efficiency and functional relevance of SARS S pro- 
cessing in productively infected cells are less clear (3, 15, 55, 
63, 64, 67). In the majority of studies, one or two prominent 
bands (due to differential glycosylation) representative of full- 
length SARS S have been detected upon analysis of SARS S 
expression in transiently transfected or infected cells. Excep- 
tions are the findings by Wu and colleagues, who reported 
efficient cleavage of SARS S in infected Vero E6 cells (63), and 
Du and colleagues, who provided evidence of SARS-S cleav- 
age by factor Xa (13). It has also been suggested that furin 
cleaves SARS S and thereby moderately augments viral infec- 
tivity (3, 15). However, the cleavage efficiency seems to be low. 
Similarly, a recent study reported cleavage of recombinant 
trimeric SARS S by trypsin, plasmin, and TMPRSS11a; cleav- 
age was not demonstrated in the context of cellular or virion- 
associated SARS S, however, and cleavage was associated with 
only a minor increase in infectivity of SARS S pseudotypes 
(30). Collectively, there is little evidence that SARS S is effi- 
ciently processed by proteases in productively infected cells. 
However, SARS S processing by pulmonary proteases has 
rarely been examined. 

We along with others have previously shown that the type II 
transmembrane serine proteases TMPRSS2 and TMPRSS4 
proteolytically activate human influenza viruses (6, 8), and it is 
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conceivable that these proteases might support viral spread in 
and between infected individuals (5). When we assessed the 
impact of TMPRSS2 and TMPRSS4 expression on the proteo- 
lytic processing of SARS S, cleavage of SARS S into several 
fragments was observed upon coexpression of TMPRSS2 but 
not TMPRSS4. Thus, SARS S, like influenza virus HA (6, 8) 
and human metapneumovirus fusion protein (51), is cleaved by 
TMPRSS2. However, in contrast to these other proteins, which 
are processed by TMPRSS2 at a single site, SARS S is cleaved 
at multiple motifs, indicating that the functional consequences 
of cleavage might be different. 

A previous study indicated that the introduction of an arti- 
ficial cleavage site into SARS S can allow cathepsin-indepen- 
dent infection (61). Similar results were not observed with 
viruses produced in TMPRSS2-expressing cells, with minor 
differences in sensitivity to high doses of cathepsin inhibitors 
reflecting variability inherent to the experimental system 
rather than biologically meaningful differences. However, 
pseudotypes produced in the presence of TMPRSS2 were 
largely resistant to neutralization by two different mouse sera 
obtained by immunization of animals with recombinant SARS 
S (21). Although differences in the neutralization efficiency of 
SARS S pseudotypes and SARS-CoV might exist, this finding 
could have important implications for SARS-CoV spread in 
the infected host. Thus, the humoral immune response criti- 
cally contributes to immune control of SARS-CoV infection (9, 
26, 47, 66), and a delayed or diminished control of SARS-CoV 
by antibodies due to TMPRSS2 might contribute to disease 
progression. Such a scenario raises the question of how cleav- 
age by TMPRSS2 modulates SARS S neutralization sensitivity. 

To understand the mechanisms underlying neutralization 
resistance of SARS S pseudotypes generated in TMPRSS2- 
expressing cells, we characterized the SARS S cleavage prod- 
ucts. Analysis by PNGase F digest showed that size differences 
between uncleaved and TMPRSS2 cleaved SARS S were not 
due to differential glycosylation, which has been observed 
for influenza virus HA generated in TMPRSS2 relative to 
TMPRSS4-transfected and control-transfected cells (4). In ad- 
dition, analysis of cleavage products by ultracentrifugation re- 
vealed that SARS S fragments produced by TMPRSS2 did not 
pellet in a 20% sucrose cushion, indicating that they were not 
virion associated. It must be noted, however, that cleavage of 
SARS S by TMPRSS2 was frequently incomplete, with some 
uncleaved SARS S or potential cleavage intermediates still 
being detectable by Western blotting. As a consequence, pseu- 
dotypes generated in the presence of TMPRSS2 retained sub- 
stantial infectivity and were largely protected against antibody- 
mediated neutralization, due to the presence of shed SARS S 
in the virion preparations, as demonstrated by the findings that 
removal of shed SARS S from virus preparations ablated neu- 
tralization resistance while addition of shed SARS S conferred 
neutralization resistance. 

The SARS S sequence motifs cleaved by TMPRSS2 are at 
present unknown. Trypsin treatment of SARS S produced sin- 
gle S1 and S2 fragments, as expected from published data (2, 
43), and similar fragments were not, or only inefficiently, pro- 
duced by TMPRSS2, indicating that TMPRSS2 and trypsin 
recognize different motifs in SARS S. Analysis of SARS S 
cleavage products with antiserum directed against defined por- 
tions of SARS S revealed that the largest cleavage fragment 
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(150 kDa) was most likely produced by a cleavage event oc- 
curring between amino acids 1152 and 1200 (data not shown). 
If so, the 150-kDa fragment contained the conserved receptor 
binding domain (RBD) in SARS S, amino acids 318 to 510 (1, 
35, 62, 64), which is a major target for neutralizing antibodies 
(22-24), and an antibody decoy function of this fragment 
would thus be conceivable. 

There is evidence that type II transmembrane serine pro- 
teases can activate the influenza virus hemagglutinin in pro- 
ductively infected cells and upon binding and uptake of virions 
into uninfected cells (7). This finding prompted us to examine 
if expression of TMPRSS2 on target cells allowed SARS S 
cleavage. SARS S cleavage products in cell lysates and cellular 
supernatants were, indeed, readily detected when SARS S-ex- 
pressing cells were mixed with TMPRSS2-expressing cells. No 
such effect was observed with TMPRSS4-positive cells or con- 
trol transfected cells, indicating that cleavage was specific. 
However, differences in the relative amounts of cleavage prod- 
ucts were noted on comparison of trans- and cis-cleavage of 
SARS S by TMPRSS2. Thus, the SARS S processing products 
of 45 kDa und 55 kDA observed upon cis-cleavage were 
usually not detected upon srans-cleavage, suggesting that 
TMPRSS2 might recognize the cleavage sites in SARS S with 
different efficiencies and that only high-affinity sites might be 
cleaved in trans. 

Expression of SARS S on effector cells can allow fusion with 
receptor-positive target cells, resulting in the formation of syn- 
cytia (36, 55, 64), which are also detected in infected patients 
(32, 46). Addition of trypsin to mixtures of SARS S effector 
cells and ACE2-positive target cells is believed to be required 
for efficient cell-cell fusion (55, 64), and our results show that 
expression of the trypsin-like protease TMPRSS2 on target 
cells can functionally replace exogenous trypsin. Overexpres- 
sion of ACE2 on 293T target cells, which produce small 
amounts of endogenous ACE2, also allowed efficient SARS 
S-driven cell-cell fusion, indicating that proteolytic activation 
of SARS S is required only for cell-cell fusion when receptor 
levels are limiting. Unexpectedly, expression of TMPRSS4 on 
target cells promoted SARS S-driven cell-cell fusion with an 
efficiency similar to that of TMPRSS2 but failed to produce 
detectable levels of SARS S cleavage in the trans and cis set- 
tings. Although the molecular mechanism underlying SARS S$ 
activation by TMPRSS4 is at present unclear, one can specu- 
late that low levels of cleavage might be responsible. Impor- 
tantly, TMPRSS2 but not TMPRSS4 promoted formation of 
syncytia in SARS-CoV-infected cell cultures, indicating that 
only TMPRSS2 can activate SARS-CoV for spread in host 
cells. 

Infectious SARS-CoV entry into target cells depends on the 
activity of the pH-dependent endosomal cysteine protease 
cathepsin L and to a lesser degree on the related enzyme 
cathepsin B (53). Both proteases depend on low pH for their 
activity, and SARS-CoV entry can therefore be blocked by 
lysosomotropic agents (which elevate endosomal pH) and by 
cathepsin inhibitors (26, 53, 55, 65). Previous studies indicate 
that the requirement for low pH and cathepsin activity for 
SARS S-driven virus-cell fusion can be bypassed by treatment 
of cell-bound virions with trypsin (55) or insertion of an arti- 
ficial cleavage site into SARS S (61). Similarly to these find- 
ings, expression of TMPRSS2 was sufficient to allow robust 
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entry of SARS S pseudotypes into cells treated with NH,Cl 
and the cathepsin L inhibitor MDL 28170, a compound that 
was previously shown to inhibit SARS S infectious entry (53); 
this observation was confirmed with authentic SARS-CoV. In 
contrast, TMPRSS4 was inactive in this setting, suggesting that 
activation of SARS S by this protease might occur only upon 
high-level expression of SARS S and protease and/or upon inter- 
action of large surfaces bearing these proteins, hallmarks of the 
cell-cell fusion assay. In sum, TMPRSS2 but not TMPRSS4 al- 
lows SARS-CoV to bypass a block otherwise imposed by cathep- 
sin inhibitors. This observation, in conjunction with our finding 
that type II pneumocytes, which are major SARS-CoV target 
cells, coexpress TMPRSS2 and ACE2, suggests that cathepsin 
inhibitors might not be able to efficiently suppress viral spread in 
infected patients. 

We report that TMPRSS2 can cleave SARS S in cis and in 
trans, with different consequences for SARS S function. It is 
noteworthy that TMPRSS2 is believed to cleave its substrates 
at the cell surface and/or in intracellular vesicles (7, 41) prob- 
ably located close to the cell surface. However, a major fraction 
of SARS S is retained in the ERGIC (44, 56, 59) in infected 
cells and might thus be inaccessible to TMPRSS2 for cis-cleav- 
age. Indeed, a recent study by Matsuyama and colleagues, 
which was published while the present manuscript was in re- 
vision, indicated that TMPRSS2 might not cleave SARS S in 
cis in infected cell lines (42). Nevertheless, two reports dem- 
onstrated that some SARS S is transported to the surface 
of infected cells (48, 59), where cis- and trans-cleavage by 
TMPRSS2 could occur, and it is possible that SARS S is shed 
by type II pneumocytes, which might express higher levels of 
TMPRSS2 than the cell lines examined so far. While cis-cleav- 
age of SARS S awaits further investigation, our present results 
unambiguously demonstrate that SARS S incorporated into 
both lentiviral pseudotypes and authentic SARS-CoV particles 
is activated by TMPRSS2 during host cell entry. Therefore, 
fully activated virions might be delivered to the endosomal 
compartment of type II pneumocytes and potentially other 
host cells, which would compromise the effectiveness of ca- 
thepsin inhibitors as antiviral agents, in agreement with recent 
findings (42, 52). Clearly, the role of TMPRSS2 in SARS-CoV 
spread and pathogenesis warrants further investigation, and 
Tmprss2 knockout mice, which do not display an obvious phe- 
notype (31), might be a useful tool for these studies. 
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